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This article presents recent progress in the theory of quantum measurement engines and discusses
the implications of them for quantum interpretations and philosophical implications of the theory.
Several new measurement engine designs are introduced and analyzed: We discuss a feedback based
atom-and-piston engine that sharply associates all work with successful events and all quantum
heat with the failed events, as well as an unconditional but coherent qubit engine that can attain
perfect efficiency. Any quantum measurement of an observable that does not commute with the
Hamiltonian will necessarily change the energy of the system. We discuss different ways to extract
that energy, the efficiency and work production of that process.
I. INTRODUCTION
The “Quantum Limits of Knowledge” Copenhagen
conference brought together many experts of the founda-
tional aspects of quantum physics back to the birthplace
of the still-dominate interpretation of quantum physics.
Despite its assault in the philosophical and physical liter-
ature, the Copenhagen interpretation remains the default
rough and ready interpretation of quantum mechanics,
deriving from the thinking of Niels Bohr [1]. Quantum
physics - as a science - provides a set of testable pre-
dictions a formalism and set of prescriptions to apply to
carry out a comparison of theory and experiment. Quan-
tum physics needs no more than this. Strictly speaking
from a scientific point of view, no further interpretation
is necessary, as is evident from the history of interpre-
tational disagreements providing no barrier to quantum
physics becoming our most accurate theory of nature.
Nevertheless, as scientists interested in philosophical
matters, we may wish for more. There can be many rea-
sons for this. On one hand, we may wish to have a deeper
understanding of the meaning of world, and to the extent
that science can provide any insight into this matter, it is
certainly worth pursuing. As working scientists, it may
be that quantum physics is not the last word on physical
description of the microscopic world, and that applying
pressure on the weak points of the theory will point us to
a deeper theory of nature. Finally, even though a devel-
oped metaphysics of quantum mechanics is not necessary
to use the theory, we often have a working philosophical
picture, which may guide (or misguide) us in the quest
to discover new effects and phenomena within quantum
mechanics.
The subject of this article, quantum measurement en-
gines, is the application of quantum mechanical princi-
ples to creating systems capable of doing useful work at
the quantum level. The basic idea being discussed is
illustrated in Fig. 1. We wish to do useful work on a
single quantum system. The work is carried out by mea-
suring an observable of the quantum system that does
not commute with the Hamiltonian of the system alone.
The measurement needs not be projective on the system
- it can refer to any process where an auxillary body is
first entangled with the system of interest, followed by
measurement of that body. Such a measurement accom-
plishes two important things. First, it gives a result (or
outcome) that allows an inference about the system of
interest. Second, it generally results in a change of the
quantum state of the system, usually called wavefunc-
tion collapse [2]. Such collapse processes, both complete,
partial, continuous, and weak have been extensively in-
vestigated experimentally in the last decades, with ex-
cellent agreement with theoretical descriptions (see e.g.
Refs. [3–19]). With the change of state, the disturbance
of the system also implies a change of expectation val-
ues of observables. We are particularly concerned here
with the Hamiltonian of the system, but could also con-
sider observables such as linear and angular momentum,
spin components, composite observables, and so on. The
generalized measurement permits us to know what the
disturbance of the quantum system is, as well as know
what conditional energy is given or taken away from it.
This knowledge in turn permits us to take a feedback
action such as altering the potential of the system or
applying some unitary operation in order to extract the
energy from the system. In the sections below we will see
that sometimes these actions are conditional, and some-
times they can be blind to the measurement outcomes.
The main point is that the energy can be extracted in
the form of useful work, and following a reset operation
(that may be dissipative in general), c.f. Fig. 1, an engine
cycle is created.
There is an analogy here to thermodynamic heat en-
gines working between hot and cold reservoirs. In that
case, thermal energy in the form of heat is extracted from
the hot reservoir, a portion of it is converted into useful
work, and the remaining part of the heat is discarded
into the cold reservoir. Importantly, the entropy must
be nonnegative on average according to the second law
[20], which bounds the efficiency of the engine to Carnot
efficiency [21]. The source of the energy in this case is a
disordered energy reservoir characterized with a temper-
ature. In contrast, in the quantum measurement case,
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FIG. 1. Schematic of the operating of the quantum measurement engine. A quantum system is measured via an ancillary
system (measurement apparatus). Energy may be given to the quantum system in the process, which is then extracted as
useful work. The system is reset via coherent or incoherent processes, resetting the system for the next cycle. For repeated
cycles to work, the measurement apparatus must be re-energized.
the energy source is the measurement device itself. This
energy transfer is also intrinsically random, as it is as-
sociated with the random selection of the measurement
outcome, which lead to the label “quantum heat” [22].
However, in contrast with the heat provided by an ac-
tual thermal reservoir this energy may be at least par-
tially ordered, and a measuring apparatus yields behav-
ior somewhere in between a thermal reservoir and a work
source.
More properly, it is a nonequilibrium energy resource,
created for example, with resources of that type, using
filters or conditional operations. The important physi-
cal consequence of using this nonequilibrium state of the
measuring device is the fact that there is no well-defined
temperature of the energy source, and consequently no
Carnot efficiency. This means that for a well-chosen mea-
surement process, one can in principle achieve perfect ef-
ficiency, that is, all energy contained in the meter degree
of freedom can be perfectly converted into system work
[23].
II. FEEDBACK-BASED MEASUREMENT
ENGINES
The detailed understanding of the different ways the
energy conversion can be accomplished is best seen with a
few simple examples that have been proposed so far. In
this section, we focus on engines that exploit the mea-
surement outcome to extract work via some feedback
mechanism. This principle is reminiscent of Maxwell’s
demon type of engines, with the crucial different that
the latter use measurement to extract the energy from a
hot thermal reservoir, while in the engines presented in
this section, the measurement itself is the source of the
energy and no hot thermal bath is involved.
A. Qubit engine
The easiest measurement based engine to understand
corresponds to Ref. [23] and involves a simple qubit that
is being driven by a Rabi tone from electromagnetic ra-
diation. We have the choice to measure the qubit in
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FIG. 2. A great circle of the Bloch sphere is illustrated. The
quantum state (green arrow) dictates the probability to be
found in the excited/ground state (blue double-sided arrow),
or in the |+〉/|−〉 state (orange double-sided arrow). The
projection of the state |g〉 into the |±〉 basis always raises the
energy of the system.
whatever basis we like. Let the ground and excited state
of the qubit be |e〉, |g〉. Suppose we prepare the qubit in
the state |ψ〉 = α|g〉+ β|e〉. The Hamiltonian is given by
the operator
H =

2
(|e〉〈e| − |g〉〈g|), (1)
where  is the energy splitting of the qubit. It is clear
that the expected energy of the system is 〈ψ|H|ψ〉 =
(/2)(|β|2 − |α|2).
A measurement of the system in the ground/excited
energy basis will result in either the state excited (with
energy /2) so the system gains energy, or the state
ground (with energy −/2), so the system loses energy.
The observant reader will quickly notice that if we aver-
age the energy gain over the probability of the outcomes
(|α|2 and |β|2, respectively), with identically prepared
initial conditions, it is clear that no gain or loss of energy
can happen on average. This is because we are measuring
in a basis in which the Hamiltonian is diagonal, and it
is clear that this feature generalizes to more complicated
systems.
3On the other hand, suppose that we measure in the
basis |+〉, |−〉, where these states are defined as |±〉 =
(|e〉 ± |g〉)/√2. The measurement must return one of
these values, and both of them have an expected value
of 0, so the energy of the post-measurement state is al-
ways 0, which unless the initial state is on the equator
of the Bloch sphere, will change the energy of the sys-
tem. This effect is particularly dramatic if we start with
the ground state. Then, the system will always gain en-
ergy /2 following a measurement! The now energized
quantum system may be viewed as an energy resource.
We can extract the energy of the system by applying a
pi/2 pulse with an electromagnetic signal, that will take
the energy from qubit and give it to the electromagnetic
pulse. There is a subtlety here - we must know what
phase to give to the electromagnetic pulse so as to take
the energy away (rather than give it). To know this, we
must pay attention to the result from the first measure-
ment. If we obtain the |+〉 state, we apply a pi/2 pulse,
whereas if we obtain the |−〉 state, we apply a−pi/2 pulse.
The measurement plus the feedback sequence then closes
an engine cycle which may be repeated indefinitely.
It is a natural question to ask where the energy comes
from for this cycle. The answer is that the system carry-
ing out the measurement must be included in the analy-
sis, which is typically removed in the discussion of mak-
ing the quantum measurement. Other works have shown
that the system making the measurement must carry and
deposit the energy to the system. Repeated measure-
ments must consequently have a reenergized meter, oth-
erwise the engine will stall, having run out of fuel. We
can see this more explicitly by writing the total Hamilto-
nian as H = HS +HI +HM , so that the total system is
described via a Hamiltonian approach. The global uni-
tary U operating on both system and meter will then
preserve the total expected energy, so loss of energy in
one part of the whole must be made up in another part.
If one wishes to evaluate the efficiency of the engine,
one must take into account the fact the memory of the
measuring apparatus has to reset in order to fully close
the engine cycle. This operation is required for any
engine involving a measurement and feeback process,
and was found essential to reconcile the Maxwell demon
gedanken experiment with the second law of thermody-
namics. Works by Landauer, Bennett and others have
lead to the conclusion that for a reversible memory re-
set, this operation was requiring a miminum work cost of
Wreset = kBTSM, where SM is the entropy of the mem-
ory at the end of the cycle (namely, the Shannon entropy
of the distribution of possible outcomes) and T is the
temperature of its surrounding bath [24, 25]. Finally
the efficiency of the conversion of the “quantum heat”
EM > 0 received by the system during the measurement,
into work extracted W ≤ 0 is η = −(W + Wreset)/EM.
In the ideal engine cycle we are interested in this sec-
tion, all the energy coming from the measurement pro-
cess is converted into work W = −EM, such that the ef-
ficiency solely differs from unity due to the erasure cost:
?
FIG. 3. An elevator platform is counterbalanced with an equal
weight suspended by pulleys. An atom is placed on the eleva-
tor platform, with the goal of lifting it with no work done by
the counterbalanced weight. Making generalized quantum mea-
surements of the position of the atom, together with lifting the
platform by the shown amount if the atom is found not to be
near the platform can accomplish this.
η = 1−Wreset/EM.
This very simple engine provides a good illustration
of the difference between the measurement process and
a measurement channel. For this we consider that now
after a measurement finding the qubit, say in state |+〉,
only a very small fraction of the available energy is ex-
tracted, by performing a rotation of angle θ  1; i.e.
W = − sin(θ)/2. After such extraction, the state |ψθ〉 of
the qubit has a very large overlap with the state |+〉, veri-
fying | 〈+|ψθ〉|2 = cos2(θ/2). This implies that with very
high probability p+ = cos
2(θ/2) ' 1, another measure-
ment will prepare the state |+〉 again. This high proba-
bility has a surprising consequences: First, the entropy of
the memory vanishes, with a scaling SM ∼ θ2 log(θ) when
θ → 0, which is faster than the energy extracted from the
measurement W = −EM ∼ θ. Therefore, the efficiency
reaches unity in the limit θ → 1. Second, the time needed
to extract the work also scales like θ, meaning that in the
limit θ → 0 the power of the engine reaches a finite value
[23]. This result – perfect efficiency at finite power – wit-
nesses that in this limit the measurement is a perfectly
ordered energy source. Intuitively, one can see that for
a very small angle θ, the result |+〉 and the associated
effect on the qubit become deterministic – one need not
read the outcome anymore to know the qubit state –
hence perfect conversion efficiency. This is nothing but
the Quantum Zeno effect. For larger angle θ though, the
energy conversion efficiency is smaller, and measurement
behaves as a partially ordered energy source.
4B. Elevator
A system with continuous degrees of system was con-
sidered in Ref. [26]. There, a particle in a gravitational
potential is supported by the floor, which is movable with
a pulley and counterweight (i.e. an elevator), shown in
Fig. 3. Unlike the two-level system described in the pre-
vious section, the measurement made is also on a contin-
uous degree of freedom. A sharp position measurement of
the particle would not commute with the Hamiltonian,
but turns out to require an infinite amount of energy.
We therefore can considered a coarse-grained measure-
ment, and ask if the particle is within some window ε
of the floor, or not. Even this type of measurement is
too costly energetically, so it is advantageous to soften
the measurement and put in a grey region. We want a
measurement that will tell us for sure the particle is not
within some region within ε of the floor, but the other
possibilities have a grey region of width w− ε, where the
particle might be here or it might be there. One such
choice was proposed in Ref. [26] which is to adopt the
Kraus operator for one output to be
M0(x) =

0, 0 < x < ε
sin pi(x−ε)2(w−ε) , ε < x < w
1, ε > w.
(2)
and another measurement output corresponds to the
Kraus operator M1(x) =
√
1−M20 . The Kraus (mea-
surement) operators are defined by the nature of the cou-
pling between system in meter, and the manner in which
the meter is measured.
Starting the system in its ground state corresponds
to an extended wavefunction in position space, with a
characteristic size of x0 = (~2/2mF )1/3, where F is the
constant force pushing on the particle. By making ε to
be of the order of this characteristic size x0, the mod-
ified quantum state is very nearly equal to the ground
state of a modified geometry, where the elevator floor
is advanced by an amount ε. Therefore, by having the
controller simply lift the atom by an amount ε when out-
come “0” is registered by the controller, it is certain that
the atom is not going to be disturbed by the movement
of the elevator floor (because it has zero wavefunction
there), and it is certain that by stopping the elevator at
a position of ε, the new state of the particle is nearly
the new ground state of the advanced potential, so little
energy is wasted in the relaxation step of settling back to
the ground state before the next step in the engine cy-
cle (this can be done by coupling to a zero temperature
bath; the photon environment, for example, whereupon
a spontaneous emission event will restore the particle to
its ground state). Upon successful operation of the en-
gine, the energy stored in the meter degree of freedom is
transferred to the system, resulting in useful work being
(stochastically) done to the system, such the elevator will
lift the particle without consuming any net energy of the
system.
?
FIG. 4. An atom is placed inside of a cylindrical container
with a movable piston. An engine is created by making a gen-
eralized quantum measurement of the position of the atom,
together with inserting the piston into the cylinder by the
indicated amount if the atom is found not to be near the
piston. The engine cycle is completed by adiabatically ex-
panding the piston and allowing the atom to do work on the
external agent.
C. Atom and Piston Engine
A somewhat simpler system we can work out explicitly
is that of a particle in a box, where one side of the box
is a move-able piston, shown in Fig. 4. As before, we
prepare the system in its ground state, and carry out a
generalized measurement of the form (2). If the particle
is found to be not close to the piston, we can simply
insert the piston quickly, with no work done. Unlike the
case of the elevator, to extract work from the system, we
take the post-measurement state and adiabatically allow
the particle to push the piston out, doing useful work.
When the piston is back in the original configuration, we
then let the particle relax back to its ground state by
exchanging energy with a zero temperature bath.
The system is quite simple to analyze quantitatively.
The ground state of a particle in a box is simply
ψg(x) =
√
2
L
sin(pix/L), (3)
where L is the length of the one-dimensional box, with
an energy
Eg =
~2pi2
2mL2
. (4)
We can engineer the appropriate measurement operators
that create a perfect state reset to the ground state of the
next engine stage. As was noted in Ref. [26], the ideal
case of perfect energy to work conversion is when the
post measurement state of the system is prepared in the
ground state of the next engine cycle stage, and in the
unsuccessful case, the state is left undisturbed. We will
see that while the first is possible here, the second is not.
For this example engine, the ideal new state corresponds
to a ground state of the box, with the piston advanced
by , given by
ψ˜g(x) =
√
2
L−  sin
[
pi(x− )
L− 
]
, (5)
where now x ∈ [, L], and its value is taken to be 0 from
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FIG. 5. The two measurement operators M0 (blue) and M1
(orange) are plotted versus position (in units of L) for the
value ε = 0.1L. For positive positions less than , the opera-
tors are continued to either 0 (for M0) and 1 (for M1).
x ∈ [0, ]. The new conditioned quantum state, given
meter result 0 or 1 is given by ψ0,1 ∝ M0,1ψg, where
M0,1 are the new Kraus (measurement) operators. This
system is nice because an exact construction of perfectly
efficient measurement operator is possible in the position
basis, one of which is simply proportional to the ratio of
the post and pre measurement state, and the other must
obey the POVM condition, M20 +M
2
1 = 1,
M0 =
{
0, 0 < x < ε
(L−ε) sin[pi(x−)L− ]
L sin(pix/L) , ε < x < L.
M1 =
√
1−M20 .
(6)
These functions are plotted in Fig. 5 for the value  =
0.1L. They are analytic and well behaved functions ex-
cept at the point x = , however, this gives a negligible
energetic cost because the discontinuity in M1 is only in
the second derivative, and the first derivative discontinu-
ity in M0 has a zero value of the function.
It is interesting to find the expected work gained from
the measurement process. The energy gain ∆E from a
successful advance of the piston is simply the difference
of the ground state energies,
∆E =
pi2~2
2mL2
[(
1− ε
L
)−2
− 1
]
. (7)
Therefore the average work extracted is this energy gain
(7) times the probability of a “0” meter event. This may
be calculated exactly,
P0 =
∫ L

dxM20ψ
2
g =
(
1− ε
L
)3
. (8)
We see that as ε/L→ 0, the probability quickly limits to
1; that is, the particle is nearly always far away from the
region x ∈ (0, ε). However, the probability decays only
as a power law; even if the measurement is made with
a left/right measurement (i.e. ε = L/2), then we still
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FIG. 6. The unnormalized wavefunctions ψg(x) (orange) and
M1ψg (blue) are plotted versus position in units of L for the
choice ε = 0.1L. For x > ε, the wavefunctions coincide, but
for x > ε, they quickly diverge, indicating that the disturbed
wavefunction has an expected energy of much more than the
ground state, resulting in wasted energy when this outcome
occurs.
have a 1/8 chance of getting a successful measurement
outcome.
By construction, the post-measurement state is the
new ground state of the the potential when the piston
is moved over a distance ε. Consequently, we can extract
all of that energy as useful work by adiabatically expand-
ing the piston to the original position. We now concern
ourselves with the other case, when the meter returns
the outcome “1”, indicating that the particle is close to
the piston, so we cannot move it without doing work on
the particle. In this case, the disturbed wavefunction is
plotted in Fig. 6 and compared with the original ground
state (both are unnormalized). We see that by construc-
tion, for x < ε, the wavefunctions coincide, but that
for x > ε, they differ quite a lot, which will result in a
much higher energy from the ground state. This example
then realizes an interesting situation that the successful
events produce all the work and none of the wasted en-
ergy, whereas the failed events produce none of the work,
and all of the wasted energy.
The total added energy the measurement gives to the
system is, on average,
Eq =
∑
α=0,1
Pα〈φα|H|ψα〉 − Eg, (9)
where φα = Mα|ψg〉/||Mα|ψg〉|| are the normalized, post-
measurement states. This energy can be divided into
average work, W and the energy wasted under the form of
dissipated heat Q. From the analysis above, the average
work is given by
W = Eg
(
1− ε
L
)(
1−
(
1− ε
L
)2)
, (10)
and the dissipated heat by
Q = 〈M1ψg|H|M1ψg〉 − EgP1, (11)
6The expectation value of the energy is calculated in
position space by breaking the integral into two parts,
x ∈ (0, ε) and x ∈ (ε, L), the second of which is carried
out numerically. We plot Q in Fig. 7, W in Fig. 8, and
the efficiency of the process, defined as
η =
W
Q+W
, (12)
in Fig. 9. Here we have neglected the memory reset cost
for simplicity, considering the ideal case of a zero tem-
perature measuring device. In contrast with the simple
qubit engine or optimized elevator, the conversion of the
energy received by the qubit into work is not perfect,
resulting in an efficiency below 1 even when neglecting
memory reset cost.
III. UNREAD MEASUREMENTS AS A HOT
BATH: MEASUREMENT ENGINE WITHOUT
FEEDBACK
Another strategy that has been explored [27, 28] is to
design engine which are powered by an unread measure-
ment process. If the outcome of the measurement is not
read, the state of the system being measured is prepared
in a mixture of the different possible output states, which
in the case where the measured observable does not com-
mute with the system’s Hamiltonian, contains more en-
ergy than the initial state. In this case, the measurement
can be seen as an effective environment that prepares a
non-thermal mixed state. Such an engineered environ-
ment can be used to replace the hot thermal reservoir in
a heat engine cycle.
The original proposals in Refs [27, 28] involve 4-stroke
engines of the following form.
1. Adiabatic compression: Starting in thermal equili-
birium at temperature T, a parameter of the Hamil-
tonian is varied adiabatically in a direction increas-
ing the energy. This step costs work W1 > 0.
2. Measurement: A measurement is performed in a
basis different from the energy eigenbasis. The os-
cillator receives energy EM > 0.
3. Adiabatic expansion: The frequency is brought
back to its initial value, allowing for work extrac-
tion, denoted W2 < 0.
4. Thermalization: The state is brought back to ther-
mal state, dissipating heat denoted Q < 0.
This protocol can cover a lot of different situations, due
to the freedom in choosing the unitary transformation
involved in the compression and expansion steps, and
the measurement basis. This protocol is not limited to
projective measurement neither, such that the strength
of the measurement provides one more knob to turn.
In the case of a qubit of initial Hamiltonian Hi =
~ωiσz, a natural protocol for the compression/expansion
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FIG. 7. The dissipated heat is plotted in units of
Eg versus ε in units of L.
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FIG. 8. The average work is plotted in units of Eg
versus ε in units of L.
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FIG. 9. The engine efficiency is plotted in units of
Eg versus ε in units of L.
steps is to vary the frequency from ωi to ωf > ωi (com-
pression) and back (expansion). Then the optimum mea-
surement is in a basis in the equator of the Bloch sphere,
e.g. the eigenstates |±〉 = (1/√2)(|e〉 ± |g〉) of σx. This
simple case, considered in Ref. [27] turns out to be exactly
equivalent in terms of performances to an Otto engine,
i.e. the same protocol but involving thermalization with
an actual thermal bath at temperature TH > T instead
of the measurement, in the limit TH  ωi,f . This equiva-
7lence can be immediately deduced from the fact that the
unread measurement of σx yields the qubit in the maxi-
mally mixed state ρmm = 1/2, which is also the thermal
equilibrium state in the infinite temperature limit. Note
that even though the Carnot efficiency is 1 when using
an infinite temperature hot bath, the present protocol,
just as the usual Otto engine, does not allow to reach
unit efficiency but instead 1− ωi/ωf .
This strict equivalence between the measurement and
heat bath is specific to the qubit case, and to the chosen
unitary for the work extraction which does not involve co-
herences, but only changes the level spacing. In Ref [27],
the authors analyze the case of a particle in a potential
and measured weakly in the position basis. In this case,
the action of the measurement cannot be reduced to that
of a thermal bath, but is characterized by the transition
rates between the particle energy eigenstates it generates.
These rates have an impact on the power extracted from
the engine, even though the efficiency turns out to match
that of an Otto engine once again.
In order to exploit more the differences between the
measurement process and a thermal reservoir, and re-
cover some of the nice features of measurement-driven
engines presented earlier, e.g. the possibility of unit effi-
ciency, we go back to the protocol above and use a uni-
tary that involve coherences in the energy eigenbasis. In
the case of a qubit, we replace the compression and the
expansion with a coherent rotation around the y axis of
the Bloch sphere as in the first engine of Section II A.
We keep the measurement to be in the {|+〉 , |−〉} basis.
The state of the qubit at the beginning of the cycle is
ρ0 = (1 + zthσz)/2, with zth defined as the thermal value
of the z-coordinate. The coherent rotation brings it to
ρ1 = (1+zthσθ)/2, where σθ = cos(θ)σz +sin(θ)σ)x, and
costs a work W1 = −zth~ω0 sin2(θ/2) > 0. Then, the
measurement prepares ρ2 = (1 + z sin(θ)σx)/2, bringing
energy EM = −zth~ω0 cos(θ)/2. In step 3, a second co-
herent rotation of angle −pi/2 brings the qubit back to
a state diagonal in the {|e〉 , |g〉} basis, allowing for work
extraction such that W2 = zth~ω0 sin(θ)/2 < 0. Finally,
the last thermalization closes the cycle preparing ρ0 and
exchanging heat Q = zth~ω0(1 − sin(θ)) < 0. The work
output and the efficiency η = −(W1 +W2)/EM are plot-
ted in Fig. 10 as a function of θ, showing that the limit
θ → pi/2 allows to reach unit efficiency. Looking at the
cycle in the Bloch sphere (see Fig. 11) allows us to see
that this protocol is reminiscent of the one presented in
Section II, where the necessity of feedback is replaced by
a thermalization process.
As a last comment, we note in contrast with a hot ther-
mal reservoir, the measurement can be used to implement
a 3-stroke engine. This is because the unread measure-
ment process is able to transform directly a thermal equi-
librium state into a state suitable for work extraction,
i.e. which is not “passive”[29]. In contrast, any thermal
state no matter how high the temperature, is passive,
meaning that no unitary transformation can decrease its
energy and therefore lead to average work extraction. As
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FIG. 10. Work extracted per cycle (top) and effi-
ciency (bottom) of the 4-stroke qubit engine pow-
ered by the unread σx measurement against the
angle θ of the first coherent rotation.
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FIG. 11. Cycle in the Bloch sphere of the 4-stroke
qubit engine: (1) coherent rotation of angle θ, (2)
unread measurement of σx, (3) coherent rotation
of angle −pi/2, (4) thermalization.
80.1 0.2 0.3 0.4 0.5
θ/π0.01
0.02
0.03
0.04
0.05
0.06
W/ℏω0zth Work extracted
FIG. 12. Work extracted during the 3-stroke qubit
engine as a function of the measurement basis angle
θ.
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FIG. 13. Efficiency of the 3-stroke qubit engine as
a function of the measurement basis angle θ.
an illustration, we can once again consider the qubit, and
apply a measurement directly on ρ0 = (1+zthσz)/2. This
time, we chose the measurement basis to be {|+φ〉 , |−φ〉},
where |+φ〉 = cos(φ/2) |e〉 + sin(φ/2) |g〉 and |−φ〉 =
sin(φ/2) |e〉 − cos(φ/2) |g〉. Such measurement when not
read prepares ρ1 = (1 + zth cos(φ)σφ)/2 providing en-
ergy EM = −~ω0zth sin2(φ). A second stroke corre-
sponds to work extraction via a coherent rotation prepar-
ing ρ2 = (1+zth cos(φ)σz)/2, allowing for work extraction
W = ~ω0zth cos(φ)(1 − cos(φ)) < 0. Finally, the cycle
is closed as before by a thermalization dissipating heat
Q = −EM−W < 0. In contrast with the 4-stroke engine,
the measurement in the eigenbasis of σx (i.e. φ = pi/2)
is not interesting, as it prepares the infinite temperature
thermal state, which is passive. The best efficiency, 1/4,
is obtained for φ→ 0, and the maximum work output is
obtained for φ = pi/3 (see Fig. 12-13). Note that varia-
tions of this protocol can be imagined, e.g. replacing the
coherent rotation for work extraction with the optimum
process for work extraction from coherences introduced
in Ref. [30].
IV. PHILOSOPHY AND QUANTUM
FOUNDATIONS
Extending the notions of heat, work and entropy pro-
duction to the quantum regime is an essential motivation
of quantum thermodynamics. In the present case, there is
still no consensus about the status of the energy provided
by the quantum measurement channel. In the present
paper, this energy appears as a resource for quantum en-
gines, such that the measuring channel plays a role simi-
lar to a bath - justifying the denomination of “quantum
heat”. Conversely, measurement induced energetic fluc-
tuations can also be classified as non-conservative work
by other approaches that rather focused on the energy
necessary to perform a measurement [31].
We believe that the current debates about this sta-
tus simply reflect the variety of interpretations about the
measurement postulate and the subsequent opinions on
the nature of quantum randomness [32]. Quantum mea-
surement is seen as a fundamental source of randomness,
noise and irreversibility in some approaches, and a prac-
tical way to extract information on the system in others.
In the future, it will be an essential task to investigate
whether these conceptual differences bring two visions of
the world that can be physically discriminated, or if they
rather pertain to metaphysical debates. If the demarca-
tion between heat and work in the quantum regime is
metaphysical, it should solve the current debates. In the
opposite case, it could allow to suggest new experiments
based on quantum thermodynamics to discriminate be-
tween the different interpretations of quantum mechan-
ics. The Holy Grail would be to identify an experiment
that can discriminate whether “quantum heat is heat or
work such as the Bell test can discriminate whether two
systems can be described by local hidden variables or not.
V. CONCLUSIONS
We have discussed several previously proposed quan-
tum measurement based engines, as well as introduced
several new ones. These engines are based on purely
quantum resources, and have direct connection to clas-
sical thermal heat engines, although there are specific
disparities. The atom and piston engine we discussed
had the interesting feature that because we engineered
the measurement such that the successful outcome pro-
duced the ground state of the system when the piston
is advanced by the proper amount, the successful events
account for all the work, but none of the wasted energy.
On the other hand, the failed event, when the atom is
found to be too near the piston to move produces none
of the work, but all of the quantum heat. The result is an
engine that is not perfectly efficient, but can still reach
around 0.8 efficiency.
We also introduced a four-stroke qubit measurement
engine that is unconditional. Different from previous
proposals, the work extraction process does not require
9knowing the measurement outcome, but involves the co-
herences of the qubit: the qubit has coherent rotations
rather than simply adiabatically changing the level split-
ting. This engine can attain perfect efficiency. We also
introduced a variant three-stroke engine that could not
be accomplished by simply replacing the measurement
process with a hot reservoir.
We have also pointed out that the way different
researchers think about the quantum measurement,
whether it is seen as a fundamental source of random-
ness versus simply a way to extract information from the
system can be either reconciled by different metaphys-
ical interpretations of the same quantum heat, or put
in scientific conflict by implying different physical conse-
quences. Even if the former is true, we hope these new
quantum engines can winnow down the possible inter-
pretations and help disentangle the ontological from the
epistemological.
ACKNOWLEDGMENTS
We thank the John Templeton Foundation for spon-
soring the “Quantum Limits of Knowledge meeting in
Copenhagen, Denmark at the Niels Bohr Institute, as
well as Eugene Polzik for organizing it and inviting us
to present our research. ANJ and CE’s work was sup-
ported by the U.S. Department of Energy (DOE), Office
of Science, Basic Energy Sciences (BES) under Award
No. DE-SC-467 0017890. We thank Joe Eberly for help-
ful discussions.
[1] N. Bohr, “The Quantum Postulate and the Recent De-
velopment of Atomic Theory1,” Nature 121, 580–590
(1928).
[2] Howard M. Wiseman and Gerard J. Milburn, Quantum
Measurement and Control (Cambridge University Press,
2009).
[3] G. Nogues, A. Rauschenbeutel, S. Osnaghi, M. Brune,
J. M. Raimond, and S. Haroche, “Seeing a single photon
without destroying it,” Nature 400, 239–242 (1999).
[4] Alexander N Korotkov and Andrew N Jordan, “Undoing
a weak quantum measurement of a solid-state qubit,”
Physical review letters 97, 166805 (2006).
[5] Nadav Katz, Matthew Neeley, M Ansmann, Radoslaw C
Bialczak, M Hofheinz, Erik Lucero, A OConnell,
H Wang, AN Cleland, John M Martinis, et al., “Reversal
of the weak measurement of a quantum state in a su-
perconducting phase qubit,” Physical review letters 101,
200401 (2008).
[6] Nathan S Williams and Andrew N Jordan, “Weak val-
ues and the leggett-garg inequality in solid-state qubits,”
Physical review letters 100, 026804 (2008).
[7] P Ben Dixon, David J Starling, Andrew N Jordan, and
John C Howell, “Ultrasensitive beam deflection mea-
surement via interferometric weak value amplification,”
Physical review letters 102, 173601 (2009).
[8] ME Goggin, MP Almeida, Marco Barbieri, BP Lanyon,
JL Obrien, AG White, and GJ Pryde, “Violation of the
leggett–garg inequality with weak measurements of pho-
tons,” Proceedings of the National Academy of Sciences
108, 1256–1261 (2011).
[9] Sacha Kocsis, Boris Braverman, Sylvain Ravets, Mar-
tin J. Stevens, Richard P. Mirin, L. Krister Shalm, and
Aephraim M. Steinberg, “Observing the Average Trajec-
tories of Single Photons in a Two-Slit Interferometer,”
Science 332, 1170–1173 (2011).
[10] A Chantasri, Justin Dressel, and Andrew N Jordan,
“Action principle for continuous quantum measurement,”
Physical Review A 88, 042110 (2013).
[11] K. W. Murch, S. J. Weber, C. Macklin, and I. Siddiqi,
“Observing single quantum trajectories of a supercon-
ducting quantum bit,” nature 502, 211–214 (2013).
[12] Andrew N Jordan, “Quantum physics: Watching the
wavefunction collapse,” Nature 502, 177 (2013).
[13] SJ Weber, Areeya Chantasri, Justin Dressel, Andrew N
Jordan, KW Murch, and Irfan Siddiqi, “Mapping the
optimal route between two quantum states,” Nature 511,
570 (2014).
[14] Gerardo I Viza, Julia´n Mart´ınez-Rinco´n, Gabriel B
Alves, Andrew N Jordan, and John C Howell, “Experi-
mentally quantifying the advantages of weak-value-based
metrology,” Physical Review A 92, 032127 (2015).
[15] Areeya Chantasri, Mollie E Kimchi-Schwartz, Nicolas
Roch, Irfan Siddiqi, and Andrew N Jordan, “Quantum
trajectories and their statistics for remotely entangled
quantum bits,” Physical Review X 6, 041052 (2016).
[16] M Naghiloo, D Tan, PM Harrington, P Lewalle, AN Jor-
dan, and KW Murch, “Quantum caustics in resonance-
fluorescence trajectories,” Physical Review A 96, 053807
(2017).
[17] Areeya Chantasri, Juan Atalaya, Shay Hacohen-Gourgy,
Leigh S Martin, Irfan Siddiqi, and Andrew N Jordan,
“Simultaneous continuous measurement of noncommut-
ing observables: Quantum state correlations,” Physical
Review A 97, 012118 (2018).
[18] R. Dassonneville, T. Ramos, V. Milchakov, L. Planat,
E´. Dumur, F. Foroughi, J. Puertas, S. Leger, K. Bharad-
waj, J. Delaforce, C. Naud, W. Hasch-Guichard, J. J.
Garc´ıa-Ripoll, N. Roch, and O. Buisson, “Fast high
fidelity quantum non-demolition qubit readout via a
non-perturbative cross-Kerr coupling,” arXiv (2019),
1905.00271.
[19] Massimiliano Rossi, David Mason, Junxin Chen, and Al-
bert Schliesser, “Observing and Verifying the Quantum
Trajectory of a Mechanical Resonator,” Phys. Rev. Lett.
123, 163601 (2019).
[20] Rudolf Clausius, The Mechanical Theory of Heat
(Macmillan and Co., 1879).
[21] S. Carnot, Re´flexions sur la puissance motrice du feu
et sur les machines propres a` de´velopper atte puissance
(Bachelier Libraire, 1824).
[22] Cyril Elouard, David A. Herrera-Mart´ı, Maxime Clusel,
and Alexia Auffe`ves, “The role of quantum measurement
in stochastic thermodynamics,” npj Quantum Inf. 3, 1–
10 (2017).
10
[23] Cyril Elouard, David Herrera-Mart´ı, Benjamin Huard,
and Alexia Auffe`ves, “Extracting Work from Quantum
Measurement in Maxwell’s Demon Engines,” Phys. Rev.
Lett. 118, 260603 (2017).
[24] Rolf Landauer, “Irreversibility and heat generation in the
computing process,” IBM journal of research and devel-
opment 5, 183–191 (1961).
[25] Charles H Bennett, “Notes on landauer’s principle, re-
versible computation, and maxwell’s demon,” Studies In
History and Philosophy of Science Part B: Studies In
History and Philosophy of Modern Physics 34, 501–510
(2003).
[26] Cyril Elouard and Andrew N. Jordan, “Efficient Quan-
tum Measurement Engines,” Phys. Rev. Lett. 120,
260601 (2018).
[27] Juyeon Yi, Peter Talkner, and Yong Woon Kim, “Single-
temperature quantum engine without feedback control,”
Phys. Rev. E 96, 022108 (2017).
[28] Xuehao Ding, Juyeon Yi, Yong Woon Kim, and Pe-
ter Talkner, “Measurement-driven single temperature en-
gine,” Phys. Rev. E 98, 042122 (2018).
[29] W. Pusz and S. L. Woronowicz, “Passive states and KMS
states for general quantum systems,” Commun. Math.
Phys. 58, 273–290 (1978).
[30] P. Kammerlander and J. Anders, “Coherence and mea-
surement in quantum thermodynamics,” Sci. Rep. 6,
22174 (2016).
[31] Takahiro Sagawa and Masahito Ueda, “Minimal En-
ergy Cost for Thermodynamic Information Processing:
Measurement and Information Erasure,” arXiv (2008),
10.1103/PhysRevLett.102.250602, 0809.4098.
[32] P. Grangier and A. Auffe`ves, “What is quantum in quan-
tum randomness?” Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineer-
ing Sciences 376 (2018), 10.1098/rsta.2017.0322.
